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The C (x~ xn)C and Al (x, x2pn)Na cross sections were measured for protons (105 to 350 Mev), deuterons (85 to 190 Mev) , and alpha particles The method involved absolute determination of the numb~r of particles impinging on the tax-gets by use of a Faraday cup, and absolute determina-tion of the disintegration rate by uae of a 4w, constant .. flow, methane proportional cou:nter calibrated against a similar instrument of the National Bureau of.
** '
Standa:rdst and against ~-y coincidence countingc Corrections for self-,.
absorption in the foils were empirically deten"mined. Besides a desire to redetermine the absolute cross sections in view of recent advances in absolute ~ counting, an incentive £or the experiment was the discrepancy in the shape of the C 12 (p, pn}C 11 excitation function near 350 Mev as reported by two different groups.
•
2 Two methods of degrading the proton energy were used to explore the reasons for the discrepancy. The same technique was applied to the C 12 (d. dn)C 11 excitation function near the maximum 12 11 27 24 . available energy (190 Mev) . The C (e&, o.n)C and Al (x, x2pn)Na ~eachon cross sections were measured only for the maximum particle energies ..
In an experiment which preceded the bulk of the work being reported~ the relative excitation functions for the C 12 ( d, dn)C 11 and C 12 (He 3 , He 3 n)C 11 reactions were measured by a stacked-foil technique. An end-window counter was used in these experiments and the !'esults were normalized from the 4w counter data for deuterons. Although the precision of these measurements was low compared with the other cross sections, the values were included for completeness.
The following discussions relate only to the techniques and procedures used in the 411' counter experiments; discussion of the end-window counter data is reserved for the end of the paper.
II. EXPERIMENTAL PROCEDURE A. Beam Characteristics and Monitoring
A plan view of the cyclotron is shown in Fig. l . Most of the measurements were made with the scattered external beam which emerged from the ma5netic deflectors, passed over the proton probe carto through the premagnet collimator, through the steering magnet~ and then through the 48-inch collimator and into the experimental area (cave The charge collected by the Faraday cup must 'be related to the number of particles that passed through the target foils. Factors that must be considered in the measurement of the beam include secondary emission (electrons or heavy charged particles) from the face of the cup, high-energy secondary particles emitted forward from the thin foil (0.005 in. Be-Cu) in the face of the vacuum housing~ loss of charge by conduction through the cup supports and residual gas in the cup housing, and the relative area. of the foils and the cup compared to the spatial distribution of the beam.
Previous expet-ience with the Faraday cup used in this experiment showed that a thin foil biased to :!1:: 300 volta had a negligible effect on the collection characteristics of the cup when it was used in the experimental area shown in
Figo lo Presumably the stray magnetic field (""25 gauss) in this area was more effective than a biasing voltage applied to the foil. An. additional magnetic field (-100 gauss) produced no observable change in the collection efficiency of the cup. Thus secondary emission from the face of the cup was not an important source of error.
Teflon insulators weX'e used throughout the collection. system with a resulting time constant for the entire system of m-any days. The gas pressure in the cup chamber had to be increased to more than !00 microns before ionization . of the gas by the beam was observable. Conduction losses weX'e minimized by maintaining the cup close to ground potential through the action of the feedback amplifier. The spatial distribution of the beam was investigated by exposing an array of plastic scintillator a (CH) diametrically across the be.am. The C 11 activity was essentially constant near the centell" and then dropped rapidly to less than
Hll"' 4 of tb.e activity of the central :region. If the activity in the region beyond the rapid fall·off is attributed to a neutron flux, then the correction (1.25 pe:rc<ant) for the portion of the charged particle beam collected by the 'cup that did not pass through the target foils was almost precisely cancelled by the correction for the neutron flux. particles on the axcitation function is magnified in relation to their number, Absorbers were also placed in position Bo which was on the proton probe cart (Fig.. l) in the path of the scattered beam., The collimators and steering magnet then provided a good energy selector 0 and low-energy charged particles were no longer present in the-beam entel'"ing the caveo Absorbers were also placed ·at position A in these experiments to obtain further energy degradation and to study the effect of the sEicondary particles ae> a. function of the ,incident-particle ene:rgy, Actuallye several absorbers were used at position A and target foils were placed at various depthso · The Faraday cup then n1ea.sw:ed the current through the last foilo' To determine ~he current (primary plus charged. secondary particles) that passed through the other foils in ~he abtiH.>xober, separate measurements were made with an ionization .chamber in front of the absorber., The same absorbers used above were then in turn inse:rtrad between the cham be X" and the Faraday cup to meaau.xoe the fraction I/! 
c. Foils
The carbon foils were made o£ polystyrene* (CH)n and were 1 or 1 .2.5 in.
in diameter. The thicknesses varied from l to 15 mils. Some of the foils were coated with ve~y thin layers (of the order of 100 angstroms) of silver to test the ef£eet of nonconducting samples on the efficiency of the 4·H proportional counter as described belowo The aluminum foila were of the same diameters and 5 and 10 mile thick.
Each of the target foils represented a slice of a ''''thick'' slab of the foil distances from the foil holder and no dependence on position existed 'in the region occupied by the £oils (Fig. 3) .,. Long-lived, f;l:.active isotopes mounted on thin foils wer0 used to check ~he performance of the counter during the period of the experiments.
To check the efficiency of the 4w counter against a sUitable standard, three useful self-absorption curve required measurement of high precisione which in tu1•n ·required a. minimum number of measured parameter so The following factors entered into these meaaurements:
(l) Time between measurements should be as short as possible to minimize decay corrections.
-to ..
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The to'tmting rate should. be as high as possible to eliminate back-, ground uncertainties.
(3) Better than l percent statistics required. · (4) Counting rate should remain almost constant to maintain dead-time correction neazoly constant. (5) The weight of the foil should not entex> critically in the measurement .. (6) The uniformity of the foil activation should not enter c:&'itically into the meaauremen't. (7) The foil geometry should not be important.,
To minimize the uncertainty from the first three factors a high counting rate was required 0 which aggravated the correction due to dead timeo For comparing thin foils 0 uncertainties from factor!Sl (S) and (6) became appreciable.
Two techniques ware used to minimize these effects., A technique which r.emoved most uncertainties. except 'factor (7), was to. use a single thin foil which was counted and then folded and recounted in exactly the same counting ar~angement.
In this case there was a slight reduction in counting rate du~ to the increa.sed thickness of the doubled foil, since the other factors remained unchanged. This procedure was repeated for increased thickness with increased uncertainties due to edge effecteD To eliminate the edge effects~ but with uncertainties in the dead ... time cox>rections 0 uniformly activated foils were counted singly and . . then combined so that weighing and activation uncertainties were small.
To further reduce the uncertainties in the 4tt counter measurements, the absolute disintegration of several activated foils· was measul"ed by the betao gamma coincidence technique. In this case the activated foils wel'e san~wiched between plastic scintilla.tors placed on the end of a photomultiplier for the beta countinga and the gamma co1mting was done with a Na.l scintill.atoro The beta. efficiency was approximately 90 per cent and.the ,gamma. efficiency roughly · 3 percente Slight corrections for 'VM'V coinCidences (0.5-percent) and deadtime (l percent) were applied. The agreement between 4w counting and the r; $'Y ' counting was good, bui: in the cas@ of the polystyrene foils the ~-'V point appeared to be slightly higher than the extr~polation of tb:e 4·w counting datr+ to zero thickness •. Since both measurements have .systematic uncel"taint.ie.s of the order of this difference~ the self-absorption curves were nol"malized . to a point mid\vay between the two zero~point detel'minationso .. The self-absorption curve fox: uniformly a.c::thrated polystyrene is shown in Fig., 4o The curve should apply to ~y measurement of the c 11 activity in foils where the activated area is more than a range of the beta particles .from th0 foil ed'je. In high-energy bombardment 0 the production of Be 7 in the foil requires that the foils be counted less than 2_ . consequence of the method of bea.m degradation :rather than a tr.ue nuclear effect, for the cross section for the· ''good geometry"' measurements is essentially constant ..
, The ratio of the apparent cross section as a £unction of absorber thickness i~ shown in Figo 7.. The points are an average of the data shown in Fig" 6~ with the lowest ... energy point . (170 Mev) omitted (since at this ener~y the cross section appears to show a significa.nt increase)~ The conclusion dra.vm fron1 Fig. 1 is -ll-UCRL-2756 Revo that the secondary pcin:ticles increase the observed cross section in a constant ratio for absorbers greater than a. given thickneseo The effe~t of the secondaries does not continue to increase as the absorber thickness inel"eases because (l) the low-energy secondary. particles are seatteredt and a fractionll whi_ch increases with absorber thickness$ misses the foil; (Z) the relatively low ... energy charged secondary particles are removed by ionization loss within a short distance from their creation; and (3) the secondary particles are emitted with an angular distribution so that a large fraction of those formed in the front of the absorber miss the foil.
The results of these measurements would seem to remove the discrepancy mentioned in the introduction in the shape of the excitation fun.ction~t a.nd would require that the excitation function reported in .Reference 1 be corrected f'or energies below the maximum beam energy. , pn)CU excitation curve in the neighborhood o£ 350 Mev (Fig. 8) . Corrections were applied for counter dead time, c
11 decay, and geometry differences {found empirically) ..
The excitation curve for deuterons was normalized 'to the hig~-energy point from 41f counter data., and the low-energy cross sections were corrected for secondary particles as in Section liB. The range of the deuterons was determined for a similar stack and the energies were computed from the tables of Aron et al.
14 Uncertainties in the range point cause the large energy uncertainties for low energies; the horizontal lines in Fig. 9 represent an estimate of the uncertainty in placement of the midpoint. and do not represent . merely the spread (due to range straggling) of energies that pass through the foilo The excitation function for He 3 particles shown in Figo 10 was normalized on the basis of the deuteron data, because both curves· were measured under the same experimental conditionso The techniques and corrections were the same for both cases; for the cross sections shown in Fig .. 10 , a constant correction of 1/!..08 was applied to the data for energies lower than the maximumo The errors on the points are unsymmetrical because it was felt that such a correction for secondary-partic:le effects was very likely incorrect for incident He 3 particlesc The inelastic and stripping cross sections for He 3 . 18 . are approximately equal to those for deuterons, but .the stripped secondaries have ranges greater than the residual range of the He 3 particleo 18 Thus the effect's of the secondary particles may not level off to a constant value as quickly as they do for protons and deuterons whose secondaries have ranges shorter than the l'esidual range of the primary partie leo Caution should be exercised in use of the data of Fig., 10, the steering-magnet current was then adjusted so that only particles of the proper energy entered the eave .. .,. - .o,
•
